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We have used 57Fe Mo¨ssbauer spectroscopy and x-ray diffraction to study the magnetic and
vibrational properties of FeAl2. FeAl2 is an ordered intermetallic with a large Fe local moment,
and a complex crystal structure with site-occupation disorder on some sites. This material exhibits
spin-glass freezing below 35 K. From the 57Fe recoilless fraction, we find that there is a vibrational
mode which freezes out concurrently with the spin freezing. X-ray powder diffraction measurements
confirm this result, indicating an anomalous change in the Debye-Waller factor at temperatures
below the spin-freezing temperature.
Coupling of structural distortions to a magnetic transi-
tion can lead to a number of interesting physical phenom-
ena. For instance, in the manganite La1−xCaxMnO3, a
Jahn-Teller distortion coupled to the ferromagnetic tran-
sition significantly enhances the magnetoresistance [1, 2],
leading to the colossal magnetoresistive effect. Further-
more, in a range of manganite and cuprate materials,
the competition between magnetism and structural dis-
tortions contributes to the development of stripes and re-
lated textures, which has led to a wealth of new physics
[3, 4, 5], and plays an important role in high-Tc super-
conductivity. The interplay of structural distortion and a
spin glass transition has also been identified in the highly
frustrated pyrochlore lattice: the pyrochlore Y2Mo2O7
exhibits a lattice distortion driven by a spin-glass transi-
tion, which allows the magnetic frustration to be reduced
[6]. In this letter, we describe Mo¨ssbauer and x-ray mea-
surements indicating that FeAl2 has a soft mode which
is coupled to its spin-freezing transition. This soft mode
becomes activated above the spin freezing temperature
(Tf ), thus is coupled to the magnetic excitations.
FeAl2 is an ordered intermetallic with a complex struc-
ture that can be described as containing layers which are
roughly close-packed [7]. Inset within Fig. 1 is a view
of this structure perpendicular to these layers. There
are ten Al and five Fe sites per unit cell, with three ad-
ditional sites having mixed Fe-Al occupation, plus one
vacancy site per cell, forming channels along a. The va-
cancies presumably help to adjust the electron count in
order to provide energy stabilization via a pseudogap at
the Fermi surface [8]; hence the observed semimetallic
behavior [9]. The Fe-Fe coordination number is small,
however the effective magnetic moment per Fe atom (2.5
µB) is large [10], and has been shown to be a stable local
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FIG. 1: Mo¨ssbauer spectra for FeAl2 at 295 K and 4.3 K. Inset
at right: magnetic hyperfine field distribution for 4.3 K line-
shape fit. Center: A portion of FeAl2 structure (frame=block
of 3×2×3 unit cells) viewed perpendicular to nearly-close-
packed planes.
moment on Fe [11].
The magnetic behavior of FeAl2 is dominated by a spin
freezing transition at Tf = 35 K [10], below which the
magnetization exhibits the typical frequency dependence
and hysteretic behavior of a spin glass. The coupling be-
tween Fe spins is dominated by superexchange through
Al orbitals, which is antiferromagnetic in sign. The com-
plex structure and mixed occupancy of some sites con-
tribute to the magnetic frustration, and hence the spin
glass configuration. NMR measurements [11] have shown
that the spin fluctuations at temperatures well above Tf
are dominated by non-thermal flip-flop processes between
super-exchange-coupled Fe moments. Here we show, us-
ing Mo¨ssbauer spectroscopy and x-ray diffraction, that
these fluctuations are tied to a soft vibrational mode that
persists to low temperatures, and which is strongly cou-
pled to the magnetic behavior.
Samples for this study were prepared by arc melting
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FIG. 2: Weighted average Mo¨ssbauer center shift, obtained
from fitted curves. Dashed curve: fit to Debye vibrational
model, with ΘD = 414 K. Inset: weighted average hyperfine
fields.
Fe and Al, and subsequent solid-state reaction, to yield
polycrystalline ingots. Rietveld analysis of the powder x-
ray diffraction pattern for this sample has been discussed
previously [11]; no additional phases could be detected.
Mo¨ssbauer spectra were obtained using a 57Co source in
a Rh matrix. The sample was ground and sieved to less
than 20µm. Shift and velocity calibrations are referred
to α-Fe at room temperature.
Mo¨ssbauer spectra taken at 4.3 K and 295 K are shown
in Fig. 1. A large increase in linewidth commences at
Tf , which can be attributed to the development of quasi-
static magnetic hyperfine fields (Hhf ) at low tempera-
tures [11]. Absorbtion lines include a superposition of five
inequivalent Fe sites, plus the three mixed sites, within
the triclinic FeAl2 structure (space group P1; see inset
of Fig. 1). To fit the hyperfine field distributions, here
we have used a Voigt-based fit according to a method de-
scribed previously [12, 13]. The fit used three broadened
multiplets to approximate the distribution of quadrupole
and magnetic hyperfine fields, with a low-temperature
distribution of Hhf shown as an inset to Fig. 1. The
resulting weighted average Hhf , shown as the inset to
Fig. 2, develops sharply below Tf , quite similar to the
previous result [11], but with slightly larger average val-
ues of Hhf obtained with this model.
The temperature dependence of the relative Mo¨ssbauer
spectral areas is shown in Fig. 3. The data were ob-
tained for a sample containing 4 mg/cm2 FeAl2. The
area was obtained directly from the measured spectra by
means of Simpson integration using a fitted-background
subtraction, so as to be independent of the spectral fit-
ting (Fig. 1). The area is related to the recoilless fraction
(f) [14]; above Tf the gradual reduction follows the nor-
mal trend, due to increased atomic motion because of the
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FIG. 3: FeAl2 Mo¨ssbauer spectral areas. Solid curve: Debye
fit with ΘD = 413 K. Dashed curve: phenomenological fit to
low-temperature anomaly, described in text. Inset: anoma-
lous area ratio vs. sample density, with theoretical fit.
population of phonon modes. Further changes in f at low
temperatures imply the freezeout of an additional lattice
vibrational mode, or perhaps a localized mode involving
loosely-bound atoms [15, 16, 17].
Mo¨ssbauer areas are related to nonlinear absorbtion in
thick samples, as well as to f . To investigate the thick-
ness dependence, we prepared a lower density sample.
The inset of Fig. 3 shows area ratios between T = 0 K
and 50 K, encompassing the magnetic changes. T = 0
values were obtained by fitting to a function of the form,
exp(−T 2/T 2o ) (dashed curve in the main plot of Fig. 3).
The inset plot shows a fit to the change vs. thickness,
based on the known behavior of Mo¨ssbauer spectral areas
[14]. This calculation assumed a change from a doublet to
a sextet; although in our case the individual lines are not
resolved, this assumption agrees well with the observed
linewidth change. The only adjustable parameter for the
inset curve was an additive constant, found equal to 0.1
(seen by the intercept), which represents the change in f
once the thickness effect is removed. Thus the observed
changes in area are due in large part to a change in vi-
brational properties at low-temperatures.
For the case of nuclear motion, f is reduced due to
dynamical phase shifts of the radiation, averaged over
the radiative lifetime. Harmonic motion yields to good
approximation [18] f = exp(−k2〈x2〉) ≡ exp(-2W ) where
2W is Lamb-Mo¨ssbauer factor, k is the γ-ray wavevector
and 〈x2〉 the mean square linear displacement. Using a
Debye phonon model one finds [18]
2W =
6ER
kBΘD
[
1
4
+
T 2
Θ2D
∫ ΘD/T
0
ξdξ
eξ − 1
]
, (1)
where ER and ΘD are the recoil energy and Debye tem-
3perature respectively. A fit of the high-temperature data
gives ΘD = 413 K, shown as a solid curve in Fig. 3. This
is comparable to that of other intermetallic compounds
[for example Zr(Fe,Al)2 has ΘD = 420 K [19]]. The in-
creased area below Tf is a departure from the Debye
model. Lattice softening at a structural phase transition
typically gives an enhancement of f only in the critical
region near Tc [18]. In manganites and related colossal
magnetoresistive materials, f increases at temperatures
somewhat below Tc [20], attributed to fluctuations con-
fined to nanoscale clusters associated with polarons. For
FeAl2, the reduction in f from T = 0 to Tf corresponds to
the activation of a vibrational mode with
√
〈x2〉 = 0.0044
nm for Fe, calculated according to f = exp(−k2〈x2〉).
Low temperature x-ray diffraction measurements also
support the presence of a low-temperature vibration
anomaly. We examined the diffraction profile at temper-
atures between 10 and 300 K, over a restricted angular
range of 19◦ to 27◦, which contains some of the char-
acteristic peaks. (A full powder spectrum was shown in
Ref. [11].) The relative peak intensities were obtained by
means of Simpson integration using a fitted-background
subtraction [21]. From the diffraction profiles we see no
evidence of any structural transition down to 10 K (the
instrument limitation), though the limited angular range
precludes a detailed structural analysis. The inset to
Fig. 4 compares data from 10 K and 35 K, for the region
containing the most intense peaks, showing the ampli-
tude increase with little or no peak shift. A striking
feature is that the relative intensities exhibit a rapid in-
crease below 35 K, similar to the Mo¨ssbauer results. This
implies an anomalous stiffening as the temperature de-
creases below Tf .
The main plot of Fig. 4 shows the evolution of the peak
areas. The solid curve is a fit of the high-temperature
data to exp(-2M), where the Debye-Waller factor is
2M =
12h2sin2θ
mkBΘDλ2
[
1
4
+
T 2
Θ2D
∫ ΘD/T
0
ξdξ
eξ − 1
]
, (2)
where m is the atom mass, θ the scattering angle, and
λ the x-ray wavelength. To evaluate the results, we ap-
proximated m as the average mass, weighted according
to form factors and atom concentrations, yielding ΘD =
430 K. This is in good agreement with the (more precise)
Mo¨ssbauer value of 413 K. However, below Tf there is an
additional increase, corresponding to an enhancement of
6.5 % between 35 and 10 K.
The mean square displacement can be obtained from
the x-ray diffraction intensities in a similar way to the
Mo¨ssbauer recoilless fraction, although the x-ray average
includes static as well as dynamic lattice displacements,
and scattering from Al as well as Fe. The x-ray results
give
√
〈x2〉 = 0.014 nm at 35 K, approximately 3 times
larger than the value found via Mo¨ssbauer. Note that
these averages assume that all atoms are vibrating in an
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FIG. 4: Relative x-ray diffraction intensities for FeAl2 vs. T .
Solid curve: Debye fit with ΘD = 430 K. Dashed curve con-
nects the low-T points, showing an anomalous increas. Inset:
x-ray diffraction patterns at 10 and 35 K.
equivalent way; if instead only one Fe atom per cell were
involved in the anomalous vibrational mode, for exam-
ple, the result would instead be
√
〈x2〉 ≈ 0.13 nm for
this atom (depending upon the phase factors involved in
the particular reflections observed). A localized vibration
involving only a single Al yields instead 0.52 nm. These
large values seem unlikely to be accommodated by the
lattice, despite the presence of the vacancy site (Fig. 1).
Rietveld refinement [11] yielded room-temperature ther-
mal ellipsoids (assumed isotropic) with sizes in the range
0.01−0.03 nm. While the sensitivity to such parameters
for a single atom is not high for such a complex stucture,
these results make it seem unlikely that the anomalous
vibrational mode is a localized mode. More likely, the
difference between the x-ray and Mo¨ssbauer results can
be ascribed to larger-amplitude motion for the lighter
Al atom, combined with displacements that are in part
quasi-static. The results are consistent with vibrations
due to magnetic interactions among Fe atoms which are
modulated by random magnetic fluctuations. In the spin
glass regime, these fluctuations freeze out, reducing the
associated atomic motions. This is the only instance of
this type of behavior of which we are aware.
Returning to the Mo¨ssbauer center shifts of Fig. 2,
the decrease with T is a second-order Doppler (SOD)
shift [18], due to the activation of phonon vibrations.
This shift is proportional to ∆E/Eo = −〈v
2〉/2c2. A
fit according to the Debye approximation [18] is shown
by the dashed curve, giving ΘD = 414 K, very close to
the value obtained from f . Since the SOD shift con-
tains 〈v2〉 rather than 〈x2〉, the center shift is typically
sensitive only to higher-frequency vibrational modes. No
change can be seen in the center shift for the tempera-
4ture range of spin-glass freezing, which implies that the
low-temperature change in f is due to activation of a low
frequency mode. For comparison, the spin exchange fre-
quency was estimated from NMR [11] to be about 1012
Hz, which corresponds to the frequency of a relatively
low-energy acoustic phonon. Therefore, the observed re-
sults are consistent with the activation of a vibrational
mode which is coupled to the T -independent spin fluctu-
ations in the paramagnetic regime.
Anomalous low-temperature atomic motion is seen
in another Fe-Al system: Fe localized at an intersti-
tial site in irradiated fcc Al exhibits such behavior
[15, 16, 17], and a similar low-temperature Mo¨ssbauer
response. However, in the present case the freeze-out is
coupled to a magnetic freezing transition. The behav-
ior is also somewhat different from that observed for the
Y2Mo2O7 pyrochlore [6], in which a structural distortion
accompanies the freezing transition. In FeAl2 the mag-
netic fluctuations activate a soft mode, which however
does not completely soften so as to cause a structural
transition (as evidenced by the absence of change in x-
ray diffraction).
The closely related quasicrystalline and approximant
phase aluminides provide a useful comparison. For ex-
ample, Al65Cu20Fe15 is a stable icosahedral phase, while
Fe4Al13 is a decagonal approximant, however the range of
Fe-Al metastable binary quasicrystals does not extend to
Fe concentrations as large as in FeAl2 [22, 23]. Quasicrys-
tals exhibit significantly enhanced diffusion and plastic-
ity, which has been attributed to the motion of phasons,
characterized by coordinated atomic jumps which indi-
vidually cover a fraction of a lattice constant. There have
been direct observations of phason motion [24, 25], and of
anomalous motion at surprisingly low temperatures, ex-
tending however to crystalline as well as quasicrystalline
phases [26]. It would be useful to further characterize
the soft mode evidenced in FeAl2 in order to gain further
understanding of the lattice vibrational properties of this
class of materials.
To summarize, from Mo¨ssbauer and x-ray measure-
ments we have demonstrated that FeAl2 undergoes a
change in vibrational behavior which accompanies its
spin-glass transition. This change takes the form of a soft
mode which is activated by the magnetic fluctuations in
the material. This result is somewhat different from the
behavior previously observed in frustrated magnetic sys-
tems, however it seems likely that similar behavior might
also be present in other concentrated spin glasses.
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